Abstract. Benzyl isothiocyanate (BITC) was extracted from mature papaya (Carica papaya L.) seeds and applied to imbibed velvetleaf (Abutilon theophrasti Medic. #3 ABUTH) seeds. Complete inhibition of germination occurred at a concentration of 6 x l(f4 M BITC, and only 28% (compared to controls) of the seeds germinated after 4 days exposure to the 4 x l(f4 M treatment. Corn (Zea mays L. 'DeKalb XL-66') was unaffected even at higher concentrations; however, 72% of imbibed soybeans [Glycine max (L.) Merr. 'Tiger'] germinated in 6 X l(f4 M BITC. When this natural inhibitor was applied to etiolated velvetleaf seedlings at 4 x 1(f4 M, 100% died in 2 days.
INTRODUCTION
There has been increasing interest in the biological control of weeds over the last 20 yr, and several species have now been successfully treated by the introduction of a natural predator (2, 5, 9) . So far, these biological agents have been limited to plant pathogens and insects. However, many plants produce secondary chemicals that are harmful to other species and help to reduce competition in their natural habitats; this phenomenon is known as allelopathy (11) . In the interest of eventually exploiting these chemicals for herbicide use, the present search for natural germination inhibitors was undertaken. Papaya seeds were found to contain a powerful inhibitory agent, benzyl isothiocyanate (BITC). This compound, which is enzymatically derived from benzyl glucosinolate, is found in both the fruit and seeds of. papaya in significant amounts (1, 17) , composing up to 2% of the seeds by weight (18) . Additionally, it has been reported in the Cruciferae (3, 7) [for example, Lepidium sativum L.
# LEPSA seeds contain approximately 1.7% BITC (3)] and in several species of the genus Tropaeolum (family Tropaeolaceae) (8) .
BITC has strong bactericidal, fungicidal, and insecticidal activities (4, 12) ; it also affects the growth of various animal I Received for publication November 2, 1983 , and in revised form February 3, 1984. 2 Plant Physiol., Res. Chern., and Mathematical Statistician, North. Reg. Res. Ctr., Agric. Res. Serv., U.S. Dep. Agric., Peoria, IL 61604. The mention of firm names or trade products does not imply that they are endorsed or recommended by the U.S. Dep. Agric. over other firms or similar products not mentioned. 3 Letters following this symbol are a WSSA-approved computer code from Important Weeds of the World, 3rd ed., 1983. Available from WSSA, 309 West Clark St., Champaign, IL 61820. 4 Finnigan Model #4535. 51CN Pharmaceuticals, Inc. 612 cells (6, 19) . Although several closely related compounds (e.g., allylisothiocyanate and phenethylisothiocyanate) are known to be germination inhibitors (10) , knowledge of the phytotoxic activity of this compound is limited to a report of growth inhibition of papaya and mung bean (Phaseolus aureus Roxb.) seedlings (16) . The effect of BITC on germination and growth of velvetleaf, corn, and soybeans is now described.
MATERIALS AND METHODS
Extraction. Papaya seeds (40 g) were ground to a fine powder in a coffee grinder and extracted in a soxhlet apparatus with hexane for approximately 6 h to defat the meal, and then with acetone for 16 h. The resulting acetone extract was concentrated on a rotary evaporator at 40 C under reduced pressure.
Characterization. The acetone extract was placed on a silica column (silica gel grade 12, 28-200 mesh), eluted with 250 ml of ether: hexane (5: 95, v/v) and the eluate was concentrated on a rotary evaporator. When analyzed by gas chromatography (GC) (3% Silar 5-CP in a 1.5-m by 3.2-mm glass column, programmed from 70 to 220 C at 3 C/min), this fraction showed only one peak. GC-mass spectrometry (MS) (GC: 3% OV -1 in a 1.2-m by 3.2-mm glass column, programmed from 100 to 200 C at 3 C/min; MS by electron impact 4 ) showed this peak to be BITC, compared to the spectrum of authentic BITC s and that published by Spencer and Daxenbichler (14) . The remainder of the crude acetone extract was recovered by removing the silica from the column and extracting it in a soxhlet apparatus with acetone for 24 h and concentrating the extract.
Bioassay. For each treatment, 40 JL1 of an appropriate stock solution was diluted with enough of the same solvent to evenly wet two sheets of Whatman #l filter paper in a 9.0-cm petri dish. For the crude acetone extract described under Extraction above and for the remainder of the extract in Characterization above, stock solutions were made of 0.1 g extract in 0.1 ml acetone. For the fraction containing BITC described in Characterization, a solution of 15 mg in 1.0 ml ether was used. For the complete velvetleaf germination curve, as well as the corn and soybean experiments, appropriate amounts of authentic BITC in ether were added to the filter paper. Controls were treated identically, using the same (blank) solvent as in each treatment.
After the solvent had evaporated from the ftlter paper, 20 velvetleaf seeds, which previously had been surface sterilized in a 1% sodium hypochlorite solution for 15 min, washed thoroughly, imbibed for about 6 h, and washed again, were placed in each dish, with two dishes per treatment or control. Four ml of distilled water were added, and the by GC-MS was required to completely inhibit germination of the velvetleaf seeds, whereas a large amount of the remainder of the crude extract had no effect (Table 1) . It was found that a concentration of 6 x 10 4 M (approximately 0.4 mg per dish) authentic BITC was 100% lethal to velvetleaf seeds (Figure 1) , and there was no recovery from this dose in time. Only 28% eventually germinated with 4 x 1()"4 M, and these seedlings were unhealthy and shorter than controls. However, the seeds were unaffected at 2 X 10 4 M, suggesting a critical concentration under which the BITC is well tolerated.
Neither corn nor soybean germination is as susceptible to the toxin as velvetleaf (Figure 1) . Com was unaffected --F--'--"f"--'-- dishes were covered, wrapped in foil, and placed in a....random pattern in a dark chamber at a constant temperature of 30 C. Two days later the number of germinated seeds (those with a visible protrusion of the radicle) were counted. The dishes were held under ambient conditions in the laboratory for an additional 2 days, at which time a final (4-day) count of germinated seeds "was made. Significant inhibition, compared to controls at the 95% confidence level or better, was determined by the Chi-square one-tail test. Slight modifications of this method were made for the corn and soybean tests. Only five imbibed corn seeds were used per plate, with eight plates per treatment, and the seeds were incubated for 3 days instead of 2. Ten soybeans imbibed for only 3 h were added to each petri dish, with four dishes per treatment, and incubated for 2 days. Both the com and soybeans were held at a constant temperature of 25 C.
To test the effect of BITC on velvetleaf seedlings, the germination procedure for velvetleaf seeds described above was followed, with no treatment added to the filter paper. On the third day, healthy etiolated seedlings (3 to 6 cm in length) were measured and placed in new dishes (under ambient temperature and light conditions) containing dry filter paper, which had been treated with authentic BITC in ether in appropriate amounts, with 20 seedlings per plate and two plates per treatment. Four ml of distilled water were added and the dishes were covered, wrapped iil foil, and placed randomly in the dark chamber for another 2 days at 30 C. The final length of each seedling was measured and the number of secondary roots recorded. Seedlings were dried in their original groups of 20 for 2 h at 70 C in a vacuum oven. Total dry weight of the 20 seedlings was determined.
The pH of the authentic BITC solutions, measured in the petri dish, ranged from 6.3 to 7.1. All data reported represent the average of at least two experiments. Control germination rates were approximately 82% for velvetleaf, 75% for corn, and 97% for soybeans.
When velvetleaf seeds were treated with a crude acetone extract of papaya seeds, 67% (compared to controls) did not germinate in 2 days (Table 1) . Comparison of the two portions of the separated extract showed that the compoent responsible for this activity was benzyl isothiocyanate. Only a very light dose of the portion known to be BITC Table 1 . Effect of papaya seed extracts on velvetleaf gennination.
Sample
Gennination vs. control WOLF ET AL.: VELVETLEAF GERMI ATIO AND GROWTH even at 10-3 M, and at this concentration, seedlings from treated seeds were equal to the controls in color, size, and vigor. Benzyl isothiocyanate had a greater effect on soybeans; only 42% finally germinated with 10-3 M BITC, and these seedlings remained yellow in appearance (unlike the green controls) with shoots and roots considerably shorter than controls. However, at 6 X 10-4 M, a concentration that was lethal to velvetleaf seeds, 72% of the beans germinated after 4 days. Eighty-nine percent of the soybean seeds treated with 4 X 10-4 M BITC germinated, and these seedlings were very similar in color and size to their controls.
It is apparent from these results that a sublethal dose of BITC changes the rate of germination and also kills a certain percentage of seeds. For example, approximately twice as many soybeans germinated in 4 days as in 2 for concentrations of 6 X 10-4 M and greater. Additionally, more velvetleaf seeds germinated after 4 days in 4 X 10-4 M BITC, and the percentage increased from 3 to 28%. However, given additional time, no further germination occurred in either species after 4 days.
Benzyl isothiocyanate controls velvetleaf not only by inhibiting germination, but it also is highly toxic to etiolated velvetleaf seedlings. At 4 x 10-4 M BITC, the seedlings showed no growth, had no secondary roots, and in fact had undergone complete histolysis (Table 2, Figure 2 ). Seedlings treated with half that dose were somewhat longer and more developed (Table 2) but showed an interesting effect. Most shoots remained white, firm, and apparently healthy, while the roots were brown and slimy. There was a clear line of demarcation between the roots and shoots. This was the case even when both the root and shoot were in contact with the filter paper. The seedlings that were not exposed to BITC were significantly longer, heavier, and more developed than those in either trea~ment ( Table 2) .
The concentrations discussed above are well within the range prescribed for commercially available herbicides. A dose of 6 x 10-4 M BITC is equal to a field application rate of 0.6 kg/ha; 4 X 10-4 M converts to 0.4 kg/ha. These doses are much smaller than those reported for other natural compounds with activity against velvetleaf. Shettel and Balke (13), for example, found that 11.2 and 56.0 kg/ha of various naturally occurring chemicals reduced velvetleaf shoot dry weight. Steinsiek et al. (15) reported extracts of wheat (Triticum aestivum L.) straw reduced germination and seedling growth of velvetleaf, but since the activity was not attributed to an identified compound, dosages are not available. Another aspect to consider is that the concentrations reported here are actually presumed molarities, since the BITC was applied to the filter paper and water was added subsequently. The amount that dissolved in the water, as well as the amount that actually affected the seeds or seedlings, either by uptake or contact, is unknown. Possibly a smaller quantity applied directly to the seeds would have the same or greater effect. Greenhouse and field studies are necessary to determine whether seedlings that survive the BITC treatment in the laboratory, under otherwise optimal conditions, would be viable in the field.
